Introduction
============

Chronic myeloid leukemia (CML) is a myeloproliferative cancer that seeds from a translocation (9;22) in the hematopoietic stem cell resulting in constitutively active BCR-ABL1 oncokinase. The inhibition of BCR-ABL1 with tyrosine kinase inhibitors (TKIs) has revolutionized the prognosis of CML.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ The first TKI developed for the treatment of CML (imatinib) has now been in use for 15 years. However, TKIs are not considered to be curative as the majority of patients still have residual disease left after years on treatment.^[@bib5]^ Even though therapy responses to TKIs are generally very good, the life-long medication creates physiological, mental and economical burden.^[@bib6]^ In addition, the prevalence of CML is increasing due to the improved treatment results.^[@bib7]^ Therefore, there is a significant need to find novel treatment strategies aiming for cure. Recent reports suggest that approximately 40% of CML patients who have achieved optimal therapy response (deep molecular remission) can discontinue imatinib treatment without recurrence of detectable *BCR-ABL1* transcripts.^[@bib8],\ [@bib9],\ [@bib10]^ Similarly dasatinib discontinuation after sustained deep molecular response has shown to be successful in 50% of patients.^[@bib11]^ However, with more sensitive DNA-based methods residual leukemic cells can still be detected in blood samples from these patients.^[@bib9]^ To be able to cure CML we would either need to eradicate or alternatively regain the immune control of the remaining leukemic cells.

We set up an immunological study within the framework of the pan-European TKI stopping study (EURO-SKI) in order to understand whether the immune system has a role in the successful discontinuation of the TKI treatment. Here we show that a high proportion of mature NK cells is related to the successful imatinib discontinuation highlighting the importance of NK cells when considering future treatment strategies.

Materials and methods
=====================

Study patients and samples
--------------------------

The study was conducted by the Nordic CML study group (NCMLSG) as a substudy to the EURO-SKI clinical trial (NCT01596114). Altogether, 132 consecutive chronic phase CML patients who participated in the clinical EURO-SKI trial were recruited from the Nordic countries. Study participation was only based on the patient\'s and treating physician\'s willingness to take part in the immunology substudy protocol. Patients were treated with imatinib (*n*=107), dasatinib (*n*=15), or nilotinib (*n*=9) for at least three years prior to the study and had sustained deep molecular response (MR^[@bib4]^) for at least 1 year ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). After the TKI discontinuation, patients were closely followed with monthly RQ-PCR tests to monitor the level of residual leukemia cells. In the clinical study, relapse was defined as a loss of major molecular response (*BCR-ABL1* transcripts \>0.1% on the international scale (IS)). In the substudy, peripheral blood (PB) samples were collected before stopping TKI treatment and 1 and 6 months after. As the number of patients treated with second generation TKIs (dasatinib and nilotinib) was low, only results from imatinib-treated patients are presented ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

Basic NK-, B- and T-cell counts and proportions were analyzed with the flow cytometry in the accredited university hospitals. From a proportion of patients (*n*=45), who were willing to give extra 50 ml of blood for explorative analysis, a more detailed NK- and T-cell function and immune phenotype was studied ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"} and [Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Thus, no biased patient selection was involved. All the functional analyses were performed centralized in the Helsinki laboratory (described in detail below).

All patients and healthy controls gave their written informed consent and the study was approved by local University Hospitals and conducted in accordance with the Declaration of Helsinki.

Immunophenotyping of NK-cells
-----------------------------

Freshly isolated mononuclear cells (MNCs) were stained with CD45- CD3-, CD14-and CD19-, CD56-, CD16-, CD57, CD62L-, CD27- and CD45RA-antibodies and analysed with flowcytometry. For more detailed description see [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

NK-cell cytokine secretion and degranulation assays
---------------------------------------------------

To study the NK-cell degranulation and cytokine secretion capability, fresh MNCs were stimulated with K562 or with PMA and Calcium Ionophore. In the cytokine secretion assay the intracellular tumor necrosis factor (TNF)-α and interferon (IFN)-γ secretion was measured and in the degranulation assay the expression CD107a/b was studied with flowcytometry ([Supplementary Methods](#sup1){ref-type="supplementary-material"}).

KIR genotyping
--------------

DNA was extracted from either fresh or thawed PB MNCs with NucleoSpin Tissue kit (\#740952, Machery-Nagel, Duren, Germany) according to instructions or from fresh whole blood using magnetic beads and Chemagic MSM1 from PerkinElmer (Waltham, MA, USA). Patients were KIR-genotyped according to the manufacturer\'s instructions by using Olerup SSP KIR Genotyping kit (Olerup SSP AB, Stockholm, Sweden). If any of the 2DL2, 2DL5, 3DS1, 2DS1, 2DS2, 2DS3 or 2DS5 genes was present, the haplotype was considered Bx. Accordingly, if none of these was present, the haplotype was AA.

T-cell phenotyping
------------------

Freshly isolated MNCs were stained with CD45-, CD3-, CD4-, CD45RA-, CD62L-, CD57- and --CD27-antibodies. To further study the T-cell phenotype, thawed MNCs were stained with CD3- CD4-, CD8-, CD45RA-, PD-1-, CTLA4-, CD28-, CCR7- and CXCR4-antibodies. For more detailed description see [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Activation of T-cells
---------------------

Fresh MNCs were stimulated with anti-CD3 and co-stimulatory anti-CD28 and anti-CD49d and incubated for 6 h in the presence of GolgiStop. After intracellular staining the IFN-γ and TNF-α secretion was measured with flowcytometry. For more detailed description see [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Cytokine bead array
-------------------

Plasma cytokine profiles (IL-2, IL-4, IL-6, IL-10, TNFα, IFNγ, IL-17A, IL-8, RANTES, MIG, MCP-1 and IP-10) were studied with cytokine bead array (BD Biosciences, San Jose, CA, USA) using Th1/Th2/Th17 cytokine and chemokine kits (BD Biosciences) according to the manufacture\'s instructions.

Statistical analysis
--------------------

Non-parametric Mann--Whitney test was used for comparison between two groups. One-way analysis of variance (ANOVA) was used for comparison between multiple groups, and Bonferroni\'s post test was used to compare selected pairs if ANOVA gave significant *P*-value (*P*\<0.05). Paired *t*-test was used to compare sequential samples from same patients.

Molecular recurrence-free survival was estimated by the Kaplan--Meier method and compared within groups by the log-rank test. For these longitudinal analyses, quantitative variables were dichotomized according to their median value, and for most promising variables also with receiver-operating characteristics (ROC) curves and the Youden index^[@bib12]^ to optimize their cutoff points. Main results are provided with hazard ratio (HR) at 6 months and 95% confidence intervals (95% CI).

Correlation between different parameters was assessed with the use of non-parametric Spearman\'s coefficient. All tests were two sided and *P*\<0.05 was considered statistically significant. Analyses were performed with SAS v. 9 (SAS institute, Cary NJ, USA) and GraphPad Prism (GraphPad Software Inc., CA, USA).

Results
=======

Increased NK-cell frequencies in non-relapsing patients before imatinib discontinuation
---------------------------------------------------------------------------------------

Although some *in vitro* studies have suggested that TKI therapy may have immunosuppressive effects,^[@bib13],\ [@bib14],\ [@bib15]^ in the majority of patients, lymphocyte subsets were within normal range ([Supplementary Figures 2 and 3](#sup1){ref-type="supplementary-material"}). The median proportion of NK cells (CD3^-^CD56^+^/CD16^+^) among lymphocytes was increased in patients compared with controls (16 vs 11%, *P*=0.003), and also similar trend was observed in absolute NK cells counts (0.26 vs 0.21 × 10^9^cells per l, *P*=0.05). In contrast, both absolute and relative B-cell numbers and absolute T-cell counts were decreased ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). At 1 month after the TKI discontinuation only a slight increase in total WBC and monocyte counts was noted, but no marked changes among lymphocyte subsets such as T or NK cells ([Supplementary Figures 2 and 3](#sup1){ref-type="supplementary-material"}).

Analyses of the immune-cell subsets at the time of imatinib discontinuation demonstrated that the proportion of NK cells was associated with the molecular relapse-free survival. Patients whose relative proportion of NK cells was higher than median had increased molecular relapse-free survival compared with the patients with lower NK-cell proportion (73% vs 51% at 6 months, hazard ratio 2.17, *P*=0.02; [Figure 1a](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). Furthermore, when the optimal cutoff of the relative proportion of NK cells was determined according to ROC curves and Youden index, the difference in the molecular relapse-free survival between the high and low NK groups was even more pronounced (at 6 months 70% vs 43%, hazard ratio 2.35, *P*=0.009; [Figure 1b](#fig1){ref-type="fig"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}).

Similar association was not observed when the absolute or relative numbers of T (CD4^+^ and CD8^+^) and B cells or total monocyte, lymphocyte and leucocyte counts were analyzed.

As previous studies have shown that the majority of relapses occur within 6 months after imatinib discontinuation,^[@bib8],\ [@bib16]^ and as late relapses may have different biological background compared to relapses occurring immediately after TKI discontinuation, patients were divided into three different groups based on the discontinuation success ([Figure 1c](#fig1){ref-type="fig"}). Interestingly, patients in the early relapsing group had lower relative proportion of NK cells when compared with the non-relapsing patients (median 12.8% vs 17.1%, [Figure 1d](#fig1){ref-type="fig"}), whereas in the late relapsing group the median proportion of NK cells was at the same level as in the non-relapsing patients (20% of lymphocytes, [Figure 1d](#fig1){ref-type="fig"}). A similar trend was also observed with absolute NK-cell counts (median 0.19 × 10^9^ cells per l vs 0.25 × 10^9^ cells per l;, respectively; late relapsing 0.31 × 10^9^ cells per l, [Figure 1e](#fig1){ref-type="fig"}). At 1 month time point after imatinib discontinuation, the differences between the groups still existed, and the early relapsing patients had significantly lower proportion of NK cells when compared with late or non-relapsing patients ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}).

Analysis of the clinical characteristics (gender, age, Sokal score, duration of TKI treatment and previous IFN-α treatment) showed no statistically significant correlation between the parameters and relative or absolute numbers of NK cells.

No association between *KIR* genes and successful imatinib discontinuation
--------------------------------------------------------------------------

As the function of NK cells is mediated with activating and inhibitory killer-cell immunoglobulin-like receptors (KIRs), we assessed the repertoire of KIR genes and AA and Bx haplotypes in individual patients by genotyping (*n*=43). No differences were noted in individual *KIR* gene frequencies or in the AA or Bx haplotype frequencies when non-relapsing, early and late relapsing groups were compared.

Increased proportion of CD3-CD56^bright^ NK cells is related to rapid molecular relapse
---------------------------------------------------------------------------------------

To better understand the role of NK cells in successful treatment discontinuation, detailed immunophenotyping was performed. First, the proportion of CD56^bright^ NK cells was assessed as they are regarded as immature NK cells, and in the maturation process they lose some of the CD56 receptors and turn into CD56^dim^ NK cells.^[@bib17]^ A trend for decreased molecular relapse-free survival was observed in patients who had higher than median number of CD56^bright^ NK cells (at 6 months 52% vs 70%, hazard ratio 0.47, *P*=0.14; [Figure 2a](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). A more pronounced difference between the groups was observed when optimal cutoff for CD56^bright^ low and high was determined (at 6 months 48% vs 79% respectively, hazard ratio 0.29, *P*=0.032; [Figure 2b](#fig2){ref-type="fig"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). In concord, both at the baseline and especially at the 1 month time point, both non- and early relapsing groups had higher proportion of more mature CD56^dim^ NK cells than early relapsing group ([Figure 2c](#fig2){ref-type="fig"} and [Supplementary Figure 5A](#sup1){ref-type="supplementary-material"}).

In addition to division for CD56^bright^ and CD56^dim^ cells, additional phenotypic markers were analyzed. In the early relapsing group, the proportion of CD57 expressing NK cells (a marker for highly differentiated NK cells^[@bib18]^) was decreased at 1 month after imatinib discontinuation, and also the proportion of CD16-positive NK cells at baseline was significantly decreased ([Figures 2c and d](#fig2){ref-type="fig"}, and [Supplementary Figures 5B and C](#sup1){ref-type="supplementary-material"}). CD16 is a FC gamma receptor mediating antibody-dependent cell-mediated cytotoxicity (ADCC).^[@bib19]^ However, when the expression of activating NK-cell receptors (NKG2C, NKp46 and NKG2D) affecting NK-cell function was analyzed, no significant differences in expression levels on CD3^--^CD56^dim^ NK cells were observed between the non-relapsing and early relapsing groups ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}).

Adaptive NK cells are increased in non-relapsing patients
---------------------------------------------------------

To further characterize the NK-cell phenotype in non-relapsing patients, recently identified markers (loss of FcɛRγ, PLZF, SYK, EAT-2) for adaptive NK cells^[@bib20],\ [@bib21]^ were analyzed. At the baseline, only a limited number of samples was available for the analysis (*n*=15), but non-relapsing patients appeared to have higher frequencies of adaptive-like CD3-CD56^dim^ NK cells that had downregulated EAT-2 (2.8% vs 1.2% of lymphocytes, *P*\<0.05, late relapsing 0.8%). At the 1-month time point after the imatinib discontinuation when bigger number of samples were available (*n*=39), results were more pronounced. Non-relapsing patients had significantly higher frequencies of NK cells that had down-regulated EAT-2 as compared with early relapsing patients (2.1% vs 0.6%, *P*\<0.01, [Figure 3a](#fig3){ref-type="fig"}). In addition, when NK cells at 1 month were plotted according to the expression of the adaptive NK-cell marker (EAT-2^--^) and treatment-free time, positive correlation was observed (*r*=0.44, *P*=0.005, [Figure 3b](#fig3){ref-type="fig"}). However, with other markers (loss of FcɛRγ, PLZF, SYK) only trends were observed ([Figure 3a](#fig3){ref-type="fig"}).

CD56^dim^CD16--NK cells from non-relapsing imatinib treated patients have normalized cytokine secretion
-------------------------------------------------------------------------------------------------------

To study the function of NK cells, PBMC from patients and controls were stimulated with K562 cells, a CML cell line devoid of MHC class I expression. Following target cell stimulation, degranulation and cytokine secretion was quantified on NK-cell subsets. For the major NK-cell subsets, CD3^--^CD56^bright^ and CD3^--^CD56^dim^ NK cells, no differences in the degranulation responses were observed between the different groups (data not shown). However, when studying baseline samples a higher frequency of CD3^--^CD56^dim^CD16^--^ NK cells that excelled in production of TNF-α and IFN-γ upon stimulation was associated with increased molecular relapse-free survival both at 6 (85% vs 40%) and 12 months (69% vs 40%) compared to patients with lower TNF-α/IFN-γ secretion in the CD56^dim^CD16^--^ NK-cell subset (hazard ratio at 6 months 5.57, *P*=0.008; [Figure 4a](#fig4){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). When dichotomizing patients into high and low groups based on the ROC and Youden Index analysis, 81% of patients had molecular relapse-free survival at 6 months in the high group compared with 29% in the low group (hazard ratio 6.00, *P*=0.001; [Figure 4b](#fig4){ref-type="fig"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}).

As CD16 can be shed upon target cell stimulation,^[@bib22]^ further analysis showed that non-relapsing patients had more NK cells that had downregulated CD16 upon K562 stimulation (median fold change in non-relapsing patients 1.5 vs early relapsing 1.1, late relapse 1.4; [Figure 4c](#fig4){ref-type="fig"}) suggesting an increased activity of these cells. In accordance, in the non-relapsing group the response to K562 stimulation in activated CD56^dim^CD16^--^ NK-cell subset was observed as an increased proportion of TNF-α/IFN-γ secreting cells (non-relapsing 18.5% vs early relapsing 12% of CD56^dim^CD16^--^ NK cells, [Figure 4d](#fig4){ref-type="fig"}). In summary, these results can be interpreted as reflecting increased signaling among CD3^--^CD56^dim^ NK cells upon target cell stimulation (shedding of CD16), leading to a higher proportion of cytokine-producing CD3^--^CD56^dim^CD16^--^ NK cells in non-relapsing patients.

Cytokine secretion by CD4+ T cells correlates with the relative amount of NK cells
----------------------------------------------------------------------------------

To study the role of T cells in imatinib discontinuation, T cells were phenotyped and stimulated with anti-CD3 antibodies to detect a Th1 type response (TNF-α/IFN-γ secretion). In the early-relapsing group of patients, there was a trend that CD8^+^ T cells were more immature (increased proportion of CD45RA+CD62L+ cells) compared with the non relapsing group ([Figure 5a](#fig5){ref-type="fig"}). No clear differences were observed in the memory phenotype of CD4^+^ T cells or in the amount of regulatory T cells. However, when the expression of PD-1 activating antigen was analyzed on the CD4^+^ T cells, the non-relapsing patient group had more PD-1 expressing central memory CD4^+^ T cells compared with the early-relapsing group ([Figure 5b](#fig5){ref-type="fig"}) suggesting recent activation.

No significant differences were observed in the Th1 type cytokine secretion between the groups. Interestingly though, there was a correlation between the CD4^+^ T-cell responses (TNF-α/IFN-γ secretion) and the relative number of NK cells. In the non-relapsing group, only tendency towards positive correlation was observed (*r*=0.43, *P*=0.07, [Figure 5c](#fig5){ref-type="fig"}), but in both relapsing groups negative correlation was found (*r*=−0.46, *P*\<0.05, [Figure 5d](#fig5){ref-type="fig"}) suggesting that in relapsing patients NK cells may not suffice to activate CD4^+^ T cells to mount Th1 type responses.

As plasma cytokine milieu is important in controlling both the T- and NK-cell function, we also determined the plasma cytokine levels with bead arrays (IL-2, IL-4, IL-6, IL-10, TNF, IFN-γ, IL-17A, IL-8, RANTES, MIG, MCP-1, and IP-10). Only IL-10 was slightly increased in the non-relapsing patients (7 vs 5.8 pg/ml *n*=8, *P*=0.07, late relapsing 6 pg/ml), and no additional differences in the amounts of other cytokines was observed between the groups. Although IL-10 may have immunosuppressive functions, there are indications that IL-10 could also stimulate the immune system as it has been shown that IL-10 can act as a chemoattractant for NK cells.^[@bib23]^

Discussion
==========

Despite the success of TKIs, patients still suffer from long-term adverse effects, which can markedly affect the quality of life.^[@bib24]^ In addition, the significant drug costs cause economical burden. Although the need for daily TKI therapy has earlier been considered to be life-long, recent clinical trials have suggested that at least a proportion of patients are able to discontinue the therapy and stay in remission. However, the mechanisms behind this are mostly unknown. As it has already been debated that TKI cessation may become a clinical practice in CML,^[@bib25],\ [@bib26]^ the understanding of biological basis for successful discontinuation is of utmost importance.

In the thus far largest CML TKI discontinuation trial (EURO-SKI clinical trial), we were able to thoroughly investigate the role of the immune system in sustained remission after treatment cessation. We found that the increased molecular relapse-free survival was associated with a higher proportion of NK cells. In addition, NK cells secreted TNF-α/IFN-γ cytokines, which are able to activate T cells. Accordingly, we noted that in non-relapsing patients the number of NK cells was associated with a Th1 type response of CD4^+^ T cells, which also may contribute to the antitumor immunity. Therefore, we hypothesize that an increased amount of mature NK cells may be capable of both directly killing the tumor cells and potentiating adaptive immune responses against leukemia, thereby maintaining remission after imatinib discontinuation ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). It should be, however, noted, that other factors such as the Sokal score, IFN-α exposure or the duration of the treatment may have a role in successful TKI stopping,^[@bib8]^ but according to our data the proportion of NK cells was not associated with these clinical parameters.

It has been shown that NK cells are able to detect and eliminate tumor cells that have either lost MHC class I expression^[@bib27]^ or upregulated stress-induced ligands.^[@bib28],\ [@bib29]^ Previously it has been suggested that the tumor cell elimination by NK cells is dysfunctional in CML not only at the diagnosis, but also during imatinib treatment.^[@bib30]^ According to our analysis, in imatinib treated CML patients who had achieved optimal treatment response, the phenotype of NK cells was normal thus suggesting that NK cells are fully functional. This also included the expression of activating receptors (NKp30, NKp46 and NKG2D), which are known to be important in the detection of stress ligand expression on the target cells and in elimination of tumor cells. Interestingly, however, subtle phenotypic differences were observed between the groups as non-relapsing and late relapsing patients had more mature (CD57+) and cytotoxic phenotype (CD16 and CD57 expression) when compared with early-relapsing patients, and also the high proportion of CD56^bright^ NK cells was associated with the decreased molecular relapse-free survival. The importance of NK cells in CML biology has also been demonstrated previously in studies where patients have been treated with IFN-α monotherapy.^[@bib31],\ [@bib32]^ Similarly in a study by Imagawa *et al.*^[@bib11]^ it was shown that second line dasatinib-treated CML patients who successfully discontinued TKI treatment had an expansion of NK cells.

The functional studies performed confirmed that also the degranulation responses of NK cells were normal in all groups. Interestingly, the increased TNF-α/IFN-γ cytokine secretion by CD56^dim^CD16^-^ NK cells upon stimulation with K562 CML cells was associated with the superior molecular relapse-free survival. It has been shown that NK cells downregulate CD16 after activation^[@bib33]^ and in accordance a greater downregulation was observed in non-relapsing patients. Therefore, this CD56^dim^CD16^--^ NK-cell subset in the non-relapsing group most likely represented CD16^+^ NK cells reacting to K562 cells. As such, this read-out may reflect stronger activating signaling in the groups downregulating CD16 expression. The mechanisms of how mature NK cells act against leukemia cells can either be direct, secondary, or combination of these two. It has been shown that NK-cell derived IFN-γ directs the Th1 differentiation of CD4+ T cells.^[@bib34]^ Therefore, it was interesting to observe that in the non-relapsing patients the relative number of NK cells correlated positively with the Th1 type of cytokine secretion of CD4^+^ T cells.^[@bib34]^ However, in the relapsing patients (both early and late relapsing) this correlation was negative. T- and NK-cell crosstalk has also been shown to be important for the induction of specific T-cell attack against MHC class I sufficient cell lines.^[@bib35],\ [@bib36]^

Recent advancements in the NK-cell biology have concerned the discovery of adaptive-like NK cells.^[@bib37],\ [@bib38]^ Previous studies have shown that NK cells can persist a long time and respond strongly to the same stimulus when exposed the second time.^[@bib37],\ [@bib38],\ [@bib39],\ [@bib40]^ Adaptive NK-cell expansions have been described in the conjunction with viral infections. In human, such adaptive NK cells lack expression of certain B-cell and myeloid-cell-related signaling proteins such as SYK, EAT-2 and FcɛRγ, in addition to the transcription factor PLZF.^[@bib20],\ [@bib21]^ Interestingly, our analyses showed that the patients who were able to stop the imatinib treatment had higher frequencies of peripheral blood EAT-2 downregulated adaptive-like NK cells. Even though no leukemia-specific adaptive NK-cell markers have yet been identified, it could be speculated that these adaptive-like NK cells defined by the markers retrieved from the viral infection studies have a role in remission, as NK cells employ a variety of activating receptors to recognize both virally infected and malignant cells. To confirm this, it would be of importance to study the response of adaptive NK cells against autologous leukemia cells in the future.

On the basis of our data, in immunological parameters late relapsing patients resemble more non-relapsing than early-relapsing group. However, a few subtle differences were noted. The expression of activating NKp30 receptor seemed to be lower in late-relapsing patients although larger numbers of patients are needed to confirm this finding. Further, the correlation between the proportion of NK cells and Th1 type CD4+ T-cell cytokine secretion was negative. This leaves room to hypothesize whether the NK cells in the late relapsing group are able to keep the disease under control for a while, but loose the battle when the situation requires the induction of adaptive T-cell responses. The division of patients into three different groups would fit well to the immunoediting theory.^[@bib41]^ On the basis of our findings it is warranted to hypothesize that non-relapsing patients are either in the elimination or equilibrium phase where the immune system is able to keep the remaining leukemic cells under the control. In the late-relapsing group, the equilibrium state seem to hold for a while, but gradually the leukemic cells escape the control perhaps through tumor immunoediting. In the early relapsing group no specific immune response against leukemia exists at all or cells are dysfunctional and leukemia cells have escaped underneath the control of the immune system. To fully understand how residual leukemia cells modulate immune responses we would need to study their phenotype in detail. However, in the stopping scenario, the number of leukemia cells is very low or almost non-existent making the analysis of the leukemic cells very difficult.

Taken together, the functional state of the immune system is associated with the molecular relapse-free survival in CML patients discontinuing imatinib therapy. Non-relapsing patients have increased amount of NK cells, including cells with an adaptive phenotype, and their cytokine secretion is intact. Together with Th1 type T-cell responses NK cells may control the residual leukemia cells. As NK modulating agents, such as antibodies blocking inhibitory KIR, have already entered in the early clinical trials in other hematological malignancies,^[@bib42]^ their testing in CML is warranted for increasing the proportion of patients who can discontinue imatinib treatment.
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![The proportion and absolute count of NK cells at the time of imatinib discontinuation. (**a**) Molecular relapse-free survival of imatinib treated patients at baseline based on the median NK-cell proportion (in all patients median 16%, range 5--48%). Log-rank test was used to analyze the statistical significance between the two groups. Hazard ratio is reported in [Table 1](#tbl1){ref-type="table"}. (**b**) Patients were dichotomized to low- and high-NK-cell groups according to receiver-operating characteristics (ROC) curves and the Youden index to find more optimal cutoff for groups than the median value (AUROC 0.568, 95% CI: 0.4543--0.6818). On the basis of these analyses 11.3% was used as a cutoff. Hazard ratio is reported in the [Supplementary Table 2](#sup1){ref-type="supplementary-material"}. (**c**) Clinical characteristics of patients according to their TKI discontinuation success. Patients were divided in three groups: non-relapsing (able to maintain remission for at least 12 months, *n*=49), early relapsing (relapse before 6 months, *n*=34) and late relapsing patients (relapse after 6 months, *n*=17). ICF, immune cell function. (**d**) The relative number of NK cells at baseline in patient groups and healthy volunteers (*n*=48). Median early relapsing 12.8%, late relapsing 20%, non-relapsing 17.8% and healthy 11.5%. (**e**) Absolute NK-cell count at baseline in patient groups and healthy volunteers. Median early relapsing 0.19 × 10^9^ cells per l, late-relapsing 0.31 × 10^9^ cells per l, non-relapsing 0.25 × 10^9^ cells per l and healthy 0.21 × 10^9^ cells per l. Box-and-whisker plots present 5--95 percentiles. One-way ANOVA was used for comparison between multiple groups (exact *P*-value reported in the figure), and Bonferroni\'s post test was used to compare selected pairs (only early-relapse group was compared with other groups to avoid multiple comparisons). Statistically significant differences between the groups are noted with asterisk (\**P*\<0.05).](leu2016360f1){#fig1}

![NK-cell phenotype at the time of imatinib discontinuation. Ficoll isolated fresh PB MNCs were analyzed with multicolor flow cytometry. NK cells were defined as CD3^-^CD56^+^ lymphocytes. (**a**) Molecular relapse-free survival of imatinib treated patients at baseline based on the median proportion of CD56^bright^ NK cells. Log-rank test was used to analyze the statistical significance between the two groups. Hazard ratio is reported in [Table 1](#tbl1){ref-type="table"}. (**b**) Patients were dichotomized to low and high CD56^bright^ NK-cell groups according to ROC and the Youden index analyses (AUROC 0.6011; 95% CI: 0.4275--0.7748). 2.99% was used as a cutoff. Hazard ratio is reported in the [Supplementary Table 2](#sup1){ref-type="supplementary-material"}. (**c**) The proportion of CD56^dim^ cells of CD56+ NK cells in early (*n*=13), late (*n*=8) and non-relapsing (*n*=19) patients (**d**) The proportion of CD57+ NK cells. (**e**) The proportion of CD16+ NK cells. In **c**--**e** Box-and-whisker plots present 5--95 percentiles. One-way ANOVA was used for comparison between multiple groups (exact *P*-value reported in the figure), and Bonferroni\'s post test was used to compare selected pairs (only early relapse group was compared to other groups to avoid multiple comparisons). Statistically significant differences between the groups are marked with asterisk (\**P*\<0.05, \*\**P*\<0.01).](leu2016360f2){#fig2}

![Adaptive-like NK cells in treatment discontinuation. Frozen PB MNCs from 1-month time-point were analyzed with multicolor flow cytometry. (**a**) Adaptive-like NK cells based on the downregulation of EAT2, SYK, FCɛR1γ and PLZF expression at 1 month. EAT-2^--^ in non-relapsing group 2.1% (*n*=19), early relapsing 0.5% (*n*=13), late relapsing 1.1% (*n*=7) of lymphocytes, \*\**P*\<0.01. SYK^--^ non-relapsing 3.3%, early relapsing 1.3%, late relapsing 1.3% of lymphocytes, *P*=NS. FcɛRγ^--^ non-relapsing 5.9%, early relapsing 1.5%, late relapsing 3.5% of lymphocytes, *P*=0.18. PLZF^--^ non-relapsing 3.7%, early relapsing 1.4%, late relapsing 5.0% of lymphocytes, *P*=0.11. Box-and-whisker plots present 5--95 percentiles. (**b**) The proportion of EAT2- adaptive-like NK cells at 1 month plotted according to the treatment-free remission time (*n*=39). For non-relapsing patients, the latest follow-up time is reported. Statistical significance was analyzed with non-parametric Mann--Whitney test (**a**) and with Spearman correlation (**b**).](leu2016360f3){#fig3}

![NK-cell activation and cytokine secretion at the time of imatinib discontinuation. MNCs collected at the baseline before imatinib discontinuation were stimulated with K562 cells for 6 hours at +37C. After, the cells were collected and stained for surface and intracellular markers and analyzed with flow cytometry. (**a**) Molecular relapse-free survival of imatinib treated patients at baseline based on the median proportion of CD16- NK cells secreting TNF-α/IFN-γ. Log-rank test was used to analyze the statistical significance between the two groups. Hazard ratio is reported in [Table 1](#tbl1){ref-type="table"}. (**b**) Patients were dichotomized to low and high TNF-α/IFN-γ secretion groups according to ROC and the Youden index analyses (AUROC 0.7175; 95% CI: 0.5580--0.8770). 14.05% was used as a cutoff. Hazard ratio is reported in the [Supplementary Table 2](#sup1){ref-type="supplementary-material"}. (**c**) CD16 downregulation in CD56^dim^ NK cells after K562 stimulation. (**d**) The proportion of CD16- NK cells secreting TNF-α/IFN-γ in patient groups at baseline after K562 stimulation. Early relapse *n*=14, late relapse *n*= 6, non-relapse *n*=19, and healthy *n*=8. (**c**, **d**) Box-and-whisker plots present 5--95 percentiles. One-way ANOVA was used for comparison between multiple groups (exact *P*-value reported in the figure), and Bonferroni\'s post test was used to compare selected pairs (only early relapse group was compared to other groups to avoid multiple comparisons). Statistically significant differences between the groups are marked with asterisk (\**P*\<0.05, \*\**P*\<0.01).](leu2016360f4){#fig4}

![T-cell immunophenotype and cytokine secretion analyzed with flow cytometry. (**a**) The proportion of naïve CD8^+^ CD45RA^+^CD62L^+^ T cells in early-relapsing patients (20.6%, *n*=13), late-relapsing patients (18.9%, *n*=8) and non-relapsing patients (12.5%, *n*=17). (**b**) PD-1 expressing central memory CD4+ T cells (CCR7+CD45RA-) in early relapsing (16.5%, *n*=9), late relapsing (16.0%, *n*=8) and non-relapsing patients at baseline (21.7% (*n*=12). (**a**, **b**) Box-and-whisker plots present 5--95 percentiles. One-way ANOVA was used for comparison between multiple groups (exact *P*-value reported in the figure), and Bonferroni\'s post test was used to compare selected pairs (only early relapse group was compared with other groups to avoid multiple comparisons). Statistically significant differences between the groups are marked with asterisk (\**P*\<0.05). (**c**) Correlation between TNF-α/IFN-γ secretion of CD4+ T cells with NK-cell proportion in non-relapsing patients at baseline. (**d**) Correlation between TNF-α/IFN-γ secretion of CD4+ T cells and NK-cell proportion in relapsing patients (early and late) at baseline. Correlations were analyzed with the non-parametric Spearman test.](leu2016360f5){#fig5}

###### Molecular relapse-free survival and hazard ratios of key biological variables

  *Variable*                              *Molecular relapse-free survival at 6 months (95% CI)*   *Molecular relapse-free survival at 12 months (95% CI)*   *Median time to molecular relapse*   *Hazard ratio at 6 months (95% CI*, P*-value)*
  --------------------------------------- -------------------------------------------------------- --------------------------------------------------------- ------------------------------------ ------------------------------------------------
  NK percentage\<median                   51% (36--64)                                             45% (1--58)                                               6.5 months                           2.17 (1.12--4.20, *P*=0.02)
  NK percentage⩾median                    73% (58--83)                                             61% (46--72)                                              Not reached                           
  CD56^bright^ cells\<median              71% (47--86)                                             62% (38--79)                                              Not reached                          0.47 (0.17--1.29, *P*=0.14)
  CD56^bright^ cells⩾median               52% (30--71)                                             41% (20--61)                                              9.8 months                            
  CD56^dim^ TNFα/IFNγ secretion\<median   40% (19--60)                                             40% (19--60)                                              5.7 months                           5.57 (1.57--19.79, *P*=0.008)
  CD56^dim^ TNFα/IFNγ secretion⩾median    85% (60--95)                                             69% (43--85)                                              Not reached                           

Abbreviations: CI, confidence interval; IFN, interferon; TNF, tumor necrosis factor.

Quantitative variables were dichotomized according to their median value. Main results are provided with hazard ratio (HR) at 6 months and 95% CI).
